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A combination of capacitance-voltage and lifetime decay measurements is used to show that corona
biasing of silicon oxidized samples results in the generation of additional interface defects and an
increase in surface recombination. The onset of interface degradation occurs at relatively low
electric fields, estimated to be less than + /−1.2 MV/cm. The majority of the defects generated by
corona biasing can be removed by a short annealing at 400 °C. The results are consistent with the
hypothesis that atomic hydrogen is chiefly responsible for the observed degradation. Corona biasing,
even at low electric fields, cannot be relied on as a noninvasive characterization tool. © 2007
American Institute of Physics. DOI: 10.1063/1.2749867
The deposition of corona charges is extensively used for
device reliability characterization1,2 as well as for fundamen-
tal studies on many types of devices and structures, including
solar cells.3,4 Corona charging in air is considered to gently
deposit ionic species—H2OnH+ or carbonate ions
CO3
−—onto the dielectric layer such as silicon dioxide
SiO2, covering the silicon Si substrate. The presence of
these external charges, as an alternative to external bias,5
creates an electrical field and influences the Si surface band
bending. Corona charging is a particularly attractive tech-
nique because it requires little sample preparation and is gen-
erally considered noninvasive. For photovoltaics research, in
particular, an additional advantage is the fact that the optical
properties of the sample under test are not altered by the
application of charge. The ability to vary the Si surface band
bending through the application of charge is crucial for pho-
tovoltaics research, since charge is always present in the di-
electric films used as surface passivation layers and antire-
flection coatings, and since this charge is well known to have
a dramatic influence on surface carrier recombination and
therefore solar cell performance.
It has been known for some time, from electron spin
resonance ESR studies using high field corona bias, that
high oxide field corona biasing can generate large densities
of Si–SiO2 interface and oxide paramagnetic centers.6–8
However it has generally been assumed that, provided such
high fields are avoided, corona biasing is a noninvasive tech-
nique which merely leads to a variation in the surface charge
density. Recent publications by Stesmans and Afanas’ev7,8
have suggested that this assumption is not valid, and that
corona biasing is an inherently unreliable technique that can
lead to significant interface modification. Dautrich et al.6
have disagreed with these conclusions and maintain that, at
low electric fields, corona biasing can safely be used without
danger of interface modification.
The above mentioned studies have used ESR as the chief
characterization tool, in order to allow identification of the
nature of paramagnetic interface defects, as well as their
density. In this work, we use minority carrier lifetime and
capacitance-voltage C-V measurements to study the
Si–SiO2 interface. In addition to providing information on
the parameters of chief interest for photovoltaics, namely, the
effective lifetime and the surface recombination velocity,
these measurements have the further advantage of not being
restricted to ESR-active defects. As pointed out by Stesmans
and Afanas’ev, the disadvantage of these electrical tech-
niques is that they provide little information on the nature of
the defects involved, so that the various characterization
tools must be viewed as complementary.
Float zoned, 100, 100  cm p-type, 500 m thick
wafers were used for effective carrier lifetime measurements.
Czochralski, 100, 10–23 cm p-type wafers were used for
C-V measurements. After RCA Radio Corporation of
America cleaning,9 all samples received a 50 nm thick ther-
mal oxide grown at 1000 °C in dry oxygen followed by a
30 min in situ annealing in nitrogen N2 at the same tem-
perature. The in situ annealing further improves the Si inter-
face properties.10 All samples were annealed in forming gas
5% hydrogen H2 in 95% argon Ar, FGA at 400 °C for
30 min. 5 nm aluminum Al was deposited on both sides
of some samples for lifetime measurements in order to form
symmetric metal-oxide-semiconductor MOS structures.
These samples were then used for measurements of the life-
time as a function of applied voltage no corona charging.
Details of the process can be found elsewhere.11 The oxide
was removed from one side for the C-V samples.
Corona charging was carried out with a conventional
setup2 by applying voltage of +/−10 kV to a steel needle
about 5 cm above the samples current drawn of
2 A/cm2. On samples for lifetime measurements, co-
rona charging was carried out on both sides, sequentially, for
equal amounts of time. Note that these samples did not have
an Al layer on the oxide. On samples for C-V measurements,
corona charging was only done on the oxidized surface. Fol-
lowing corona charging, some samples received a RCA
clean, followed by a rapid thermal annealing RTA in N2 at
400 °C for 30 s and a subsequent FGA at 400 °C for
30 min.
Lifetime measurements were carried out using the induc-
tively coupled photoconductivity decay technique.12,13 The
effective lifetime is determined from the rate of decay of the
wafer photoconductivity following the application of a light
pulse. In high injection, the measured instantaneous decay
time inst is
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1/inst = 1/hli + 2Seff/W , 1
where hli is the high level injection lifetime of the wafer
bulk, W is the wafer thickness, and Seff is the effective sur-
face recombination velocity, defined by
Seff = U/n , 2
where U is the surface recombination rate per unit area and n
is the excess carrier density in the wafer bulk. Measurements
were carried out at an injection level of 41015 cm−3.
Prior to C-V measurements, 80 nm Al was deposited
with an area of around 4.710–3 cm2 through a shadow
mask on the oxide to form a MOS structure. High frequency
C-V measurements were carried out at 1 MHz and quasi-
static C-V measurements were carried out with a sweep rate
of 50 mV/s. The Castagne and Vapaille14 method was used
to determine the defect distribution.
Figure 1 shows the variation of the effective lifetime
with applied bias voltage a and with corona charging time
b. Under the influence of an applied voltage, the character-
istic “U” shape is observed, with a minimum for depletion
conditions at the surface, and saturating to maximum values
for accumulation at large negative voltages and deep inver-
sion at large positive voltages conditions. The minimum
occurs at a small negative applied bias due to the
Al–SiO2–Si work function difference and a low density of
positive charge at the Si–SiO2 interface of the as grown
oxide.11
Two samples, with nearly identical initial lifetimes, were
used for the corona charging curves—one for the cumulative
deposition of positive charge and one for the cumulative
deposition of negative charge. With increasing positive
charging time, the curve initially appears similar to the ap-
plied voltage–lifetime curve, with a sharp increase in the
effective lifetime. However, instead of saturating, the life-
time starts to decrease again at point 2 on the curve. With
negative charging, the curve also initially is qualitatively
similar to the applied voltage–lifetime curve, with a mini-
mum in the lifetime after a relatively short exposure to nega-
tive charge point 3. After this point, the lifetime rises and
soon afterwards declines again at point 4.
These results show that both positive and negative co-
rona charging either introduce additional interface defects or
activates previously deactivated hydrogen passivated de-
fects. The points at which a clear decrease in the lifetime can
be observed points 2 and 4 in Fig. 1b indicate the latest
possible onset of the degradation of the surface properties. In
reality the onset probably occurs earlier for shorter charging
times but is masked by the effect of increasing positive or
negative charge, which leads to a decrease in the surface
minority carrier concentration and to an overall decrease in
surface recombination. Comparing these points with the
lifetime-voltage curve in Fig. 1a, it can be concluded that
the onset of degradation occurs at relatively low values of
the electric field. Conservatively, we estimate the onset to be
at less than + /−1.2 MV/cm or +/−6 V. In contrast, Dau-
trich et al.6 found no evidence of degradation, using ESR
measurements, for positive electric fields up to 4 MV/cm.
Figure 2 shows the defect density Dit distributions of
an as oxidized Si sample and of samples following 26 min of
positive or negative corona charging. Since p-type samples
were used for the measurements, accurate information is ob-
tained for the upper half of the band gap only. A substantial
increase in Dit can be observed for the corona charged
samples, with the increase being particularly dramatic for the
negatively charged sample. The midgap Dit for the nega-
tively charged sample is almost three orders of magnitude
higher than for the as oxidized sample, while for the posi-
tively charged sample the difference is a factor of 40.
In order to investigate further the nature of the defects
introduced by corona charging, the samples received a RTA
for 30 s at 400 °C in dry N2, and subsequently a FGA at
FIG. 1. Effective lifetime at an injection level of 41015 cm−3 for oxi-
dized Si samples after as a function of a applied bias voltage on a MOS
structure and b corona charging time.
FIG. 2. Comparison of Dit distribution within the Si forbidden bandgap.
“--:” as oxidized sample; “--:” after 26 min positive corona charging,
and “--:” after 26 min negative corona charging.
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400 °C for 30 min. Table I summarizes the effect of these
treatments on midgap Dit values. The short RTA treatment
results in a substantial reduction in defect density, particu-
larly for the negatively charged sample. The FGA results in a
further reduction of midgap Dit, but not to back to the value
of the as oxidized sample.
Stesmans and Afanas’ev7,8 observed at least five ESR-
active defects following positive corona biasing, including
the activation of initially hydrogen passivated Pb0 and Pb1
centres but not the generation of additional Pbx centers, and
the generation of UL1 and E centers at relatively low con-
centrations of several 1010 cm−3. The authors suggested that
the observed activation and generation of defects were
chiefly the result of the action of atomic or protonic hydro-
gen, generated by the corona discharge process, which is
able to diffuse through the oxide and interacts with the
interface.
Our results are broadly consistent with those of Stes-
mans and Afans’ev, and with the suggestion that atomic or
protonic hydrogen is chiefly responsible for the interface
degradation. The very high Dit values measured after nega-
tive corona charging are chiefly the result of non-ESR-active
defects, since the majority of the defects are removed by a
short RTA treatment the density of ESR-active Pbx centers
would not be affected by such an annealing. Cartier et al.15
have previously observed that atomic hydrogen exposure of
oxidized Si samples at room temperature can cause partial
depassivation of Pbx centers and leads to the generation of a
large density of additional defects which could not be de-
tected by ESR. Our previous work16 indicates that the major-
ity of these atomic H generated defects can be removed by a
subsequent short RTA at 400 °C. The results therefore sup-
port the conclusion that the corona damage is mainly due to
atomic hydrogen.
The further reduction in defect density following a FGA
treatment is attributed to a repassivation of Pbx centers by
molecular hydrogen. For the positively corona charged
sample, the defect density following charging is much lower
but the same trend with annealing is observed, with a reduc-
tion in Dit following both the RTA and FGA treatments.
However, it is noteworthy that, for both positively and nega-
tively corona charged samples, the defect density does not
return to the “as oxidized” level even after the FGA
treatment.
Perhaps most significant from a practical point of view is
the observation that the onset of interface degradation in our
samples occurs at a relatively low electric field, so that it is
not possible to avoid degradation merely by avoiding high
electric fields of the order to 7 MV/cm. The degradation at
low electric fields cannot be attributed to Fowler-Nordheim
electron injection. Instead, our observations are broadly con-
sistent with the hypothesis that atomic or protonic H is the
chief culprit for both positive and negative corona biases
by partly depassivating Pbx centers, as well as causing the
generation of other defects.
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TABLE I. Comparison of midgap Dit of samples following various process-
ing steps. Corona charging was carried out for 26 min per side.
Midgap Dit1010 eV−1 cm−2
As oxidized 0.16
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